Quantitative analysis of the antioxidant poly(1,2-dihydro-2,2,4-trimethylquinoline) (pTMQ) was conducted on pristine, thermally-aged, and gamma radiation-aged commercial cross-linked polyethylene-(XLPE-)based cable insulation material aged at temperatures 60, 90, and 115 °C, with gamma radiation exposure dose rates of 0, 120, 300, and 540 Gy/h for 15 days. The quantification of antioxidant was performed using pyrolysis gas chromatography-mass spectrometry (Py-GCMS). Oxidation induction time (OIT) was measured using differential scanning calorimetry (DSC) and correlation was made between the quantified depletion of antioxidant and measured OIT. It was observed that, in the case of isothermal aging, the quantity of antioxidant and OIT decreased with increasing gamma radiation dose. In the case of samples exposed to the same gamma radiation dose, the quantity of antioxidant and OIT were observed to decrease with increasing aging temperature. Depletion in the quantity of antioxidant relative to that in the pristine material ranged from 7 to 93% for differently aged samples. The measured decline in OIT ranged from 0 to 80%. Change in the quantity of antioxidant in the material was observed to follow the same trend as the change in OIT when the samples were aged under various conditions. The observations are explained in terms of the reaction between the antioxidant and free radicals created during exposure of the samples to thermal and gamma radiation.
Introduction
As of February 2017, 61 commercial nuclear power plants (NPPs) with 99 nuclear reactors were operating in the United States [1] . Among the 99 reactors, 59 were pressurized water reactors (PWRs) and 40 were boiling water reactors (BWRs) [2] . Operation of a typical PWR requires thousands of kilometers, and a typical BWR requires hundreds of kilometers, of electrical cables [3, 4] . The study of degradation and failure behavior of cable insulation materials is important because the integrity of the cables' polymeric insulation material is critical for safe and reliable operation of the NPP. The insulation materials suffer degradation through exposure to heat, gamma radiation and other environmental stressors throughout their service lifetime.
Polymer-based materials used for cable insulation are composites, consisting of a polymer matrix and various fillers and additives to protect the material against fire and degradation. Antioxidants (AOs) are important additives that protect the polymer from oxidative aging. Crosslinked polyethylene (XLPE) is one of the most widely used polymers for cable insulation in NPPs due to its superior *Revised manuscript with no changes marked Click here to view linked References properties such as good resistance to thermal and gamma radiation and good mechanical properties [5] [6] [7] [8] . Enormous research efforts have been made to study the effect of irradiation such as ultraviolet irradiation, electron beam irradiation and gamma irradiation on polyethylene with or without antioxidants or stabilizers in various fields such as wires and cables, biopharmaceuticals and biotechnology [9] [10] [11] [12] [13] [14] . Researchers evaluate antioxidants by measurements such as yellowness index of the material under various irradiation conditions because aging causing the generation of carbonyl bonds which causes the material to appear yellowish in color [9] . To the best of our knowledge, however, there has been no study directly quantifying the changes in antioxidant caused by irradiation. For the application of wires and cables in NPPs, any change in the quantity of antioxidant under different aging conditions may be a key indicator of aging and is important for understanding the degradation behavior of these insulation materials. Evaluation of antioxidant depletion may help to determine the remaining service life of the cable.
In this paper, cross-linked XLPE-based cable insulation material was studied. The composition of this material was determined using a combination of analytical techniques: scanning electron microscopyenergy dispersive X-ray spectroscopy (SEM-EDX), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), Carbon-Hydrogen-Nitrogen (CHN) combustion, and pyrolysis gas chromatography-mass spectroscopy (Py-GCMS). Details of the method by which the material composition was established have been published elsewhere [15, 16] and the results are summarized in Table 1 .
The XLPE-based cable insulation material was aged under various conditions, including three temperatures (60, 90, and 115 °C) and four gamma dose rates (0, 120, 300, and 540 Gy/h) for 15 days. This exposure time corresponds to total gamma doses of 0, 45, 110, and 190 kGy, respectively. The quantity of AO in the samples was analyzed following exposure using Py-GCMS.
Measurement of OIT is one of the evaluation methods of oxidative stability and has been used previously as a measure of oxidative degradation, antioxidant depletion, and antioxidant concentration in various types of polyethylene [17] [18] [19] . Little research has been conducted, however, to measure antioxidant depletion directly and quantitatively during polymer aging and to study the relationship between quantity of antioxidant and measured value of OIT. In this work, OIT was measured using differential scanning calorimetry (DSC) and correlations were made between the changes in OIT and in antioxidant. 
Sample Preparation
White XLPE-based insulation material studied in this work was obtained from commercially-available nuclear-grade instrumentation cable consisting of two 16AWG conductors, a laminated aluminum/polyester shield, a drain wire, and a chlorosulphonated polyethylene (CSPE) jacket (RSCC, product code I46-0021), Figure 1 . According to the manufacturer, the XLPE insulation was crosslinked by electron-beam radiation. It was removed from the cables by first stripping off the jacket and other external components from the cable assembly, and then pulling out the conductor from the center of the insulation. The wall thickness of the resulting tubular insulation sample material was 0.70 ± 0.05 mm.
To accomplish accelerated aging, samples were suspended by clips on a rack placed in an oven located in the exposure zone of a Co-60 source in the High Exposure Facility (HEF) at Pacific Northwest National Laboratory. In this way, simultaneous thermal and gamma radiation aging of the samples was achieved. The dose rate to each individual sample was controlled by selecting the position of the sample with respect to the radiation source. Overall, 240 different aging conditions were achieved at three aging temperatures (60, 90, and 115 °C), 25 dose rates (ranging from 0 to 540 Gy/h), and five aging durations (5, 10, 15, 20, and 25 days) . From this combination of conditions, samples were exposed to doses of gamma radiation in the range from 0 to 320 kGy. Details of the accelerated aging process and sample preparation can be found in a separate paper [20] .
From the full set of 240 sample scenarios, 13 were selected for quantitative analysis of antioxidant, presented in this paper. The detailed aging conditions of the 13 selected sample sets are listed in Table  2 . 
Materials Characterization Methods

Pyrolysis gas chromatography-mass spectroscopy
The Waters ® GCT Premier ™ Mass Spectrometer is an accurate-mass time-of-flight (TOF) mass spectrometer coupled to an Agilent 6890 gas chromatograph (GC). The electron ionization (EI) source was used in this study. The Frontier 3030D sample introduction and furnace assembly were mounted on the back inlet of the GC. For thermal desorption studies, the GC column used was a Restex Rxi-5HT, 30 m x 0.25 mm inner diameter x 0.25 micron film thickness. The carrier gas used for all measurements was ultra-high purity helium.
The brominated flame retardants present in the material-under-test, Table 1 , are reactive compounds that interact with the surface of deactivated stainless steel sample cups and cause poor measurement reproducibility if stainless steel sample cups are used. In this study, deactivated glass sample cups were used in order to avoid this source of uncertainty. The type 'Eco-Cup G' from Frontier Lab was used.
An evolved gas analysis (EGA) test was conducted to determine the evolved temperature profile of each component in the material. The GC column was replaced with a two-meter-long deactivated Silcosteel transfer line for the EGA tests. The GC oven was held at 320 °C. A thin slice of sample (0.5 ± 0.02 mg) was cut from the cross section of the insulation material ( Figure 1 ) and placed into the sample cup. The sample cup was then loaded into the pyrolyzer. The pyrolyzer was held at 80 °C for 2 min, after which the temperature was increased to 800 °C at 20 °C/min. The mass spectrometer totalion-current (TIC) versus temperature profile of the test material was recorded during the EGA test. This profile was selected with the goal of maximizing signal-to-noise ratio for antioxidant for best quantitative analysis of antioxidant concentration in pristine and differently aged materials. The temperature program targeted complete evolution of the antioxidant from the test sample, while minimizing contamination to the instrument system from brominated flame retardant and XLPE polymer matrix decomposition residue. The EGA test indicated that holding the sample at 320 °C for 5 min met these objectives. From the TIC versus temperature data, multiple accurate masses were extracted from the TIC data to profile the desorption and pyrolysis of the various components under study.
Thermal desorption (TD) tests were conducted on pristine and differently aged materials using the GC column discussed previously. For accurate quantification of the antioxidant in each sample, 2,5-bis-2-(5-tert-butylbenzoxazolyl)thiophene (BBOT) was used as an internal standard. BBOT was dissolved in acetone at a concentration of 5.5 mg/100 mL. First, 3 μL of BBOT solution was injected into the sample cup. Then a thin slice of sample (0.260 ± 0.009 mg) was cut from the cross section of the insulation material and added to the sample cup after the acetone had evaporated. The sample cup was then loaded into the pyrolyzer. The pyrolyzer was held at 80 °C for 2 min, then ramped to 320 °C at 20 °C/min. The pyrolyzer was then held at 320 °C for 5 min, according to the EGA test result discussed in the previous paragraph. The GC column was then held at 40 °C for 5 min, followed by a temperature ramp up to 320 °C at 20 °C/min, holding there for 10 min.
The uncertainty of the TD GCMS measurements was estimated by running five replicates on pristine samples with BBOT as the internal standard. The studied compounds were quantified by integrating the corresponding peak areas. Figure 4 shows the weight-normalized AO peak areas of five measurements on pristine and gamma-irradiated sample material. Figure 5 shows the weightnormalized AO peak area on pristine and thermally-aged sample material. The average internalstandard-corrected antioxidant peak area of pristine material is 997, with a standard deviation of 66, which gives an uncertainty of 6.6 %, Table 3 . Two replicates were measured for each aged sample scenario. A third replicate was generally measured when the standard deviation of the measured values on the two replicates was more than 6.6 %.
Oxidation Induction Time
Oxidation induction methods are based on the detection of the oxidation exotherm that occurs when a sample is heated in the presence of oxygen. OIT tests were conducted using a TA Instruments Q2000 differential scanning calorimeter. Samples with mass 10.0 ± 0.5 mg were used in each test. The temperature program is shown in Figure 2 . The DSC cell was heated at 15 °C/min from 40 °C to 230 °C in nitrogen at a flow rate of 50 ml/min. When the specified temperature of 230 °C was reached, the specimen was held in nitrogen isothermally for 2 min, after which the atmosphere was changed to oxygen maintained at the same flow rate. The specimen was then held isothermally at 230 °C until the oxidative reaction was observed on the thermal curve. The time interval from when the oxygen flow is first initiated to the onset time of the oxidative reaction is referred to as the oxidation induction time. The threshold is defined as 0.1 W/g relative to (above) the baseline and the onset time of the oxidative reaction is defined by the intersection of the test curve with the threshold line, Figure 2 . As also can be seen in Figure 2 , the melting temperature range of the XLPE sample is from about 90 to 115 C. The selected temperature for OIT testing, 230 C, is above the melting temperature range of the tested sample. Table 3 . Internal standard (I.S.) peak area, weight normalized (wt. norm.) antioxidant peak area, and weight normalized antioxidant peak area after correction by the I.S. of five pristine samples. Figure 2. Temperature and gas profile and corresponding heat flow of OIT measurement. The example heat flow curve shown here is for pristine XLPE sample material. Figure 3 shows the evolved gas temperature profiles of a) the material as a whole, b) the XLPE polymer matrix, c) the brominated flame retardants, and d) the antioxidant. In Figure 3 a) , it is shown that gases start to evolve from the test piece at around 150 °C, and this evolution continues until the ultimate temperature 800 °C of the pyrolyzer temperature program. Figures 3 b) , c), and d) show that the XLPE polymer matrix starts to decompose between 300 and 400 °C and the majority of the polymer pyrolysis occurs between 400 and 500 °C. The brominated flame retardants show significant desorption and decomposition starting between 300 and 400 °C. The decomposition of antioxidant poly(1,2-dihydro-2,2,4-trimethylquinoline) (pTMQ) takes place mainly in the temperature range 200 to 350 °C.
Replicate
Results
Of the 13 sample scenarios studied in this work, the spectra of selected samples are displayed in Figures 4 and 5 . Other spectra can be found in [15] . Figure 4 displays the mass spectra of samples that were aged at 60 °C for 15 days with gamma radiation exposure at doses of 0, 45, 110, and 190 kGy. Figure 5 displays the mass spectra of samples that were thermally-only aged for 15 days at three different temperatures of 60, 90, and 115 °C. Main peaks of the antioxidant are marked with arrows in the spectrum of the pristine sample in Figure 4 . It is observed that the height of antioxidant peaks decrease with increasing gamma radiation exposure and increasing aging temperature. Peak areas were calculated and the antioxidant quantities in pristine and different samples, normalized to the antioxidant content of the pristine sample, are plotted in Figure 6 . At the same aging temperature, the antioxidant content decreases with higher gamma radiation dose. At the same radiation dose, the antioxidant content decreases with higher aging temperature. The sample that was aged at 115 °C with exposure to gamma radiation at the dose of 190 kGy showed maximum depletion (93 %) in the quantity of antioxidant. The sample that was aged at 60 °C without gamma radiation showed minimum depletion (7 %) in the quantity of antioxidant. The depletion of antioxidant of other samples lies in between 7 % and 93 %. Figure 7 shows the measured OIT values of the same sample set. At the same aging temperature, the OIT decreases with higher gamma radiation dose. At the same radiation dose, the OIT decreases with higher aging temperature. The sample that was aged at 115 °C with exposure to gamma radiation at the dose of 190 kGy showed the maximum reduction of 80 % in OIT. The sample that was aged at 60 °C without gamma radiation showed no reduction in OIT. Figure 8 compares normalized antioxidant quantity and normalized OIT of the sample set.
Discussion
Generally speaking, the depletion of antioxidant may be caused by evaporation, sublimation, and chemical reactions with free radicals. Prior to further discussion on how and why the changes in antioxidant pTMQ vary in differently aged samples, the possible chemical reaction mechanisms of pTMQ with free radicals generated in the aging process are discussed as follows.
Most oxidative mechanisms characteristic of the degradation of polymers during processing, storage and long-term end-use involve free radicals induced thermally, catalytically, mechano-chemically, or by radiation [21] . Reactions (1) through (4) show one chain of reactions that may take place in the polymer degradation process without the involvement of antioxidant [22] . Bond scission causes the generation of free radicals R  , as shown in (1), which, in the presence of oxygen, react to produce more unstable free radicals as the oxidation process repeats itself in the polymer, as shown in (2), (3), and (4). The process in (1) is termed the degradation initiation, and the ensuing processes fall under degradation propagation. Degradation propagation processes take place at a much faster rate than degradation initiation [22] .
The antioxidant used in the studied XLPE insulator is pTMQ, which is a type of hindered heterocyclic aminic stabilizer. The most widely used aminic stabilizers are grouped into two categories. One consists of aromatic and non-hindered heterocyclic amines, the classical antidegradants applied mainly in rubbers and to a lesser extent in polyolefins as antioxidants, heat stabilizers, antifatigue agents and antiozonant [23, 24] . The second group consists of hindered heterocyclic amines introduced on the market in the 1970s. These rank among the currently most extensively studied additives [21] . Hindered amine stabilizers have been utilized almost exclusively in polyolefins and coatings as light stabilizers, photo-antioxidants, and heat stabilizers. The antioxidant pTMQ belongs to the second group, hindered heterocyclic aminic stabilizers, and efficiently stabilizes XLPE used as insulation material for electric cables exposed to irradiation doses [25] . Generally speaking, interference with free-radical and peroxidic species resulting in polymer autoxidation, fatigue and photo-oxidation belong to the principal processes of polymer stabilization [21] . The detailed discussion of reaction mechanisms of various aminic stabilizers can be found in [24, 26, 27] . Specifically, pTMQ has a broad application spectrum. It has been used for a long time as a heat stabilizer and antioxidant with some anti-flex-crack effect in the rubber industry and in polyolefins [28] . pTMQ is generally more efficient than other common antioxidants in protecting against irradiation aging and thermal oxidation below 150 °C [29] . Abstraction of the hydrogen atom from the -NH group of TMQ according to Reaction (5) is the primary step of the antioxidant action [21] .
When the samples are aged thermally, without gamma radiation, C-C bond breakage is most likely caused by thermal fluctuations, and the C-C bond breakage leads to the generation of free radicals. We speculate that the rate of generation of free radicals increases with increasing aging temperature. In the presence of gamma radiation, however, the rate of generation of free radicals is likely to be much higher than when gamma radiation is absent, due to the high photon energy of gamma radiation. The C-C bond energy is about 348 kJ/mol [30] , and the photon energy from Co-60 radiation source is 1.17 MeV (1.129 × 10 8 kJ/mol) and 1.33 MeV (1.283 × 10 8 kJ/mol) [31] , easily capable of breaking C-C bonds and generating free radicals. Moreover, the high energy photons generate secondary electrons which break additional polymer C-C bonds, producing more free radicals.
The melting temperature of pTMQ lies in the range from 72 to 94 °C [32] , and its boiling temperature is higher than 315 °C [32] . When thermal aging takes place at 60 °C, sublimation and rate-limited chemical reactions might take place, causing depletion by only 15% as observed in Figure 6 . When thermal aging takes place at 90 and 115 °C, evaporation, sublimation and rate-enabled chemical reaction take place simultaneously, causing a much faster depletion rate and explaining the observed depletion of approximately 60 and 70 % in these cases, respectively. Adding gamma radiation to the exposure environment causes the depletion of pTMQ to occur at a much faster rate, likely due to the faster generation of polymer free radicals as described in the previous paragraph.
The normalized values of OIT and antioxidant content plotted together in Figure 8 show dramatic changes in antioxidant content for all but the two most lightly aged samples (pristine and 60C-0). Figure 8 also reveals a dramatic reduction in antioxidant content, more than 50 %, before any significant change in OIT is observed. The samples that have lost more than 50 % of antioxidant (i.e. all but the two most lightly aged samples) display a linear relation between OIT and normalized antioxidant content, suggesting that OIT could be used as an indicator of age-induced antioxidant depletion in XLPE-based cable insulation materials after 50 % of antioxidant has been lost. Depletion of antioxidant may not be the only factor that contributes to the change in OIT in the samples studied. Besides depletion of antioxidant, OIT may also be affected by the polymer type, polymer structure, and other additives and fillers. Scission of XLPE polymer chains and alteration of the crystalline and semi-crystalline content of the XLPE may lead to reduction in OIT in addition to changes caused by consumption of antioxidant. (1)
Conclusion
Quantitative analysis of antioxidant in a commercially-available, cross-linked polyethylene-based cable insulation material for nuclear power plant applications has been performed. Comparison between the antioxidant quantity in the material and the oxidation induction time (OIT) of the material was made. For isothermal aging, the antioxidant quantity and OIT were observed to decrease with increasing gamma radiation dose. At fixed gamma radiation dose, they were observed to decrease with increasing aging temperature. The depletion of antioxidant quantity ranges from 7 % to 93 %, and the decrease of OIT ranges from 0 to 80 % for samples studied in this paper. After initial loss of approximately 50 % of the antioxidant, the changes in the quantity of antioxidant in the material follow the same trend as the changes in OIT of the material when aged under various conditions. Therefore OIT can be an effective indicator of the antioxidant depletion severity in XLPE based cable insulation materials, for depletion levels greater than 50 %, while depletion of antioxidant is not the only factor that contributes to the reduction in OIT of the studied material. The way in which the antioxidant may slow the degradation process of the polymer, by consuming the majority of the free radicals generated in the initial stages of degradation, has been described.
